23 Na-and 13 C-NMR of NaC 60 heat-treated under high-pressure are presented, and the results are compared with those of Li x C 60 polymers. The 13 C-NMR spectra clearly showed the existence of sp 3 carbon atoms, evidencing for the transformation to the C 60 polymer phase. The spin-lattice relaxation time, T 1 , of 13 C-NMR suggested an electron localization effect, and the electronic density of states at the Fermi level at 4.2 K was estimated to be smaller than 0.6 states/eV/C 60 /spin, which is smaller than 1/10 of that of a superconducting K 3 C 60 . It was also shown that the Na atoms are jumping among at least two different sites in the cavities of C 60 -polymerized network above ~250K.
INTRODUCTION
Recently, alkali-doped C 60 solid A x C 60 , where A = Li and Na, was heat-treated under high-pressure. The resultant materials were characterized at ambient pressure by X-ray diffraction (XRD), infrared (IR) spectra, solubility and electrical conductivity measurements [1, 2] . In the case of AC 60 and A 4 C 60 , these measurements provided evidences for a formation of the 2D-C 60 polymer phases, in which the molecules are linked through the [2+2] cycloaddition of carbon double bonds. The crystal structures have tetragonal (T) symmetry for A 4 C 60 and rhombohedral (3R) symmetry for AC 60 , as illustrated in Fig. 1 . These structures are the same as those for 2D-polymers transformed from undoped solid C 60 under high-temperature and high-pressure [3, 4] . Only difference is that the alkali atoms are incorporated in the C 60 interstitial sites. In this paper, 23 Na-and 13 C-NMR of NaC 60 prepared by the high-pressure and high temperature treatment are presented and compared with those of C 60 polymers reported previously [5, 6] . Figure 2 shows examples of 13 C-NMR spectra in Li x C 60 and NaC 60 at 4.2K. These materials were heat-treated at 573K for one hour under high-pressure, ~5GPa [1, 2] . The NMR spectra were taken by a conventional pulse Fourier-transform NMR technique. In order to check possible artificial distortions of the spectra, the NMR were carefully observed with many different pulse conditions. For example, we changed the pulse width, the frequency, the repetition time and the applied magnetic field (3.94T and 9.4T). From the 13 C powder spectra of the NaC 60 in Fig. 2 , we can easily separate the sharp signal around 70ppm from the broad anisotropic signal ranging from 0 to 250ppm. It is found that this spectrum is very similar to those of 3R-LiC 60 and T-Li 4 C 60 polymers [6] , as shown, and also similar to those of the undoped C 60 polymers [5] . Therefore, the sharp signal can be assigned to the sp 3 carbon atoms and the broad signal to the sp 2 carbon, implying that the C 60 molecules are polymerized in the NaC 60 crystal.
EXPERIMENTAL RESULTS
Because the integrated intensity for each signal should be proportional to the number of carbon atoms, the proposed structures illustrated in Fig. 1 predict the signal intensity for the sp 3 carbon as 20% and 13.3% for the 3R and T structures, respectively. These intensities have been actually observed in LiC 60 and Li 4 C 60 polymers, confirming the predicted structures [6] . On the other hand, the intensity in the NaC 60 seems to be much smaller than the predicted one for the 3R structure. This must be due to a very long spin-lattice relaxation time, T 1 , for the sp 3 carbon as demonstrated in Fig. 3 , where the 13 C-spectra taken at the several different repetition times, T R , are shown. As the T R increases, the sp much longer characteristic time than the sp 2 signal. Even at 21600sec (6 hour), the intensity still does not saturate. Therefore, the correct intensity ratio could not be reduced from the present spectra. The very long and very different values for the sp 3 and sp 2 carbons were also observed in the cases of the LiC 60 and Li 4 C 60 polymers [6] .
FIGURE 3.
13 C-NMR spectra in 3R-NaC 60 polymer as a function of the repetition time T R to observe the signal. The sp 3 signal around 70ppm develops with a longer characteristic time. The measurements were performed at 4.2K and an applied magnetic field of 9.4T. The T1 was obtained at ~200ppm for the sp 2 carbon and at ~70ppm for sp 3 carbon.
The peak intensity as a function of T R , furthermore, gives us an estimate of the 13 C-T 1 as T 1 >2.5h for the sp 2 carbon and T 1 >4h for the sp 3 carbon. These values are quite longer than ~40sec at 4.2K in a metallic K 3 C 60 , for example. Assuming that hyperfine coupling constant between the 13 C nuclear spin at the sp 2 site and the conduction electron spin on the C 60 molecules is the same as in the case of K 3 C 60 , we can obtain an upper limit for the density of states at the Fermi level, N(E F ), using so-called Korringa relation, 1/T 1~A 2 N(E F ) 2 , in the case of ordinal metals; N(E F )<~0.6 states/eV/C 60 /spin. This value is only 7% of that of K 3 C 60 [7] . Combined with a fact that the T 1 of the sp 2 carbon was found to be strongly inhomogeneous, such small N(E F ) suggests that the electronic state of the 3R-NaC 60 polymer is semiconducting, and that the electrons transferd from the Na atoms to the C 60 mopolymerized network are probably localized by a strong random potential induced by imperfect polymerization such as the broken bridging bonds.
Finally we discuss the 23 Na NMR spectra as a function of temperature (Fig. 4) . The spectra were observed around 0ppm where the resonance of Na + ion in NaCl solution appears, suggesting that the Na atoms in the crystal are almost ionized. We also notice that a new peak around ~100ppm develops with increasing sample temperature above 250K. A very similar behavior was also observed in the 3R-LiC 60 polymer. Therefore this may be a common feature of 3R-C 60 polymers. One possible source for such behavior is jumping motion of the Na ions among the different sites in the crystal. The starting C 60 solid has a face centered cubic structure, and there are two types of interstitial sites, O-and T-sites. Then, the C 60 molecules are polymerized within the (111) plane to form the 3R-C 60 polymer phase. The Na atoms mainly occupy the original O-sites, because the cavity of the O-site is larger than that of the T-site. However, with increasing temperature, some of the Na atoms may jump into the T-sites, resulting in the two 23 Na-NMR signals.
FIGURE 4.
23 Na-NMR spectra in 3R-NaC 60 polymer as a function of temperature. With increasing temperature, a new signal appears around 100ppm indicated by an arrow. The measurements were performed at the applied magnetic field of 9.4T. The origin is the resonance position of 1M-NaCl solution. The positive shift implies the higher frequency shift at the constant field.
